The construction of synthetic gene circuits relies on our ability to engineer regulatory architectures that are orthogonal to the host's native regulatory pathways. However, as synthetic gene circuits become larger and more complicated, we are limited by the small number of parts, especially transcription factors, that work well in the context of the circuit. The current repertoire of transcription factors consists of a limited selection of activators and repressors, making the implementation of transcriptional logic a complicated and component-intensive process. To address this, we modified bacteriophage T7 RNA polymerase (T7 RNAP) to create a library of transcriptional AND gates for use in Escherichia coli by first splitting the protein and then mutating the DNA recognition domain of the C-terminal fragment to alter its promoter specificity. We first demonstrate that split T7 RNAP is active in vivo and compare it with fulllength enzyme. We then create a library of mutant split T7 RNAPs that have a range of activities when used in combination with a complimentary set of altered T7-specific promoters. Finally, we assay the two-input function of both wild-type and mutant split T7 RNAPs and find that regulated expression of the N-and C-terminal fragments of the split T7 RNAPs creates AND logic in each case. This work demonstrates that mutant split T7 RNAP can be used as a transcriptional AND gate and introduces a unique library of components for use in synthetic gene circuits.
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protein fragment complementation | H-loop S ynthetic gene circuits provide valuable insights into biophysical phenomena by enabling the construction and characterization of genetic systems from the ground up (1) (2) (3) . Further, synthetic gene circuits are rapidly becoming core components of biotechnologies in metabolic engineering and in medicine (4) (5) (6) (7) . The continued development of synthetic gene circuits calls for the ability to construct larger and more complex circuits, which in turn necessitates the development of additional parts and component libraries with which to build them (8, 9) . Recent efforts to address the "component problem" (10) (ie, the lack of well-characterized orthogonal parts with which to build synthetic gene circuits) have led to the development of novel transcriptional and translational regulators. The effort to develop transcriptional regulators has, for instance, involved transplanting transcriptional regulators from genetically distant microorganisms into a particular chassis organism such as Escherichia coli. This reimagining of transcriptional regulatory systems has led to novel ligand-sensitive transcription factor-promoter pairs (11) and transcriptional logic gates (12) . In addition, recent work has made it possible to synthetically regulate protein translation through, for example, modulating access to the ribosome binding site (RBS) or varying the stability of the transcript (5, (13) (14) (15) (16) .
At the core of many synthetic gene circuits lie transcriptional logic gates. Transcriptional logic gates mirror digital logic gates in that the value of the output is determined by the values of two separate inputs. Engineering transcriptional logic gates is difficult, and this difficulty is further compounded by the component problem.
Transcriptional logic gates require at least two transcriptional regulators of a single promoter (17) . Therefore, creating circuits containing multiple logic gates quickly exhausts the current library of transcriptional components. Further, engineering hybrid promoters that respond to two transcription factors is a difficult and inexact science. One method for solving this problem involves mining other organisms for orthogonal transcriptional components that act in tandem at a promoter (11, 12) . Here, we attack the problem from another angle by engineering, at the protein level, a unique functionality into an already well-known and well-characterized synthetic component. Specifically, we first split and then modify T7 RNAP to create a library of transcriptional AND gates in E. coli that are highly specific, as outlined in Fig. 1 . In addition, the differences between the on and off states of the outputs of these AND gates is large, which is a desirable characteristic of transcriptional logic gates that makes them easy to use in larger circuits.
T7 RNAP is a single-subunit RNA polymerase that is a strong driver of transcription. It is functionally orthogonal to most hosts, acting only on its cognate promoter, P T7 . During the purification of T7 RNAP, the protein was sometimes found cleaved between amino acids 179 and 180 to create a 20-kDa N-terminal fragment and an 80-kDa C-terminal fragment (18, 19) . Only when mixed together would the two fragments drive transcription from P T7 in vitro. Further, the promoter specificity of T7 RNAP is determined by a specificity loop near the C terminus that forms specific contacts with P T7 (20) . Point mutations in the specificity loop have been demonstrated to significantly alter the promoter specificity of full-length T7 RNAP, targeting the mutants to versions of P T7 that have been mutated between base pairs −11 to −8 (20) (21) (22) (23) (24) .
To construct the libraries of transcriptional AND gates, we first show that the split T7 RNAP mutant that was previously reported to be active in vitro (18, 19) also functions in vivo. Then, we create mutants of the C-terminal fragment that contain point mutations known to alter its promoter specificity. We show that these mutations, when used in conjunction with their respective promoters, function in vivo. Finally, we create a library of transcriptional AND gates by placing the split T7 RNAP mutants behind different inducible promoters and demonstrate that each drives transcription if and only if both halves are induced.
Results and Discussion
In Vivo Activity of Split T7 RNAP. During the purification of T7 RNAP, it was found that the protein can be nicked between amino acids 179 and 180, located in the H-loop domain (25, 26) . After T7 RNAP binds to its promoter, the H-loop domain is known to refold during the enzyme's transition from an initiation complex into an elongation complex (25, 27) . The C-terminal fragment of nicked T7 RNAP (amino acids 180-880) was found to bind P T7 on its own but was unable to synthesize full-length mRNA (25) . However, the addition of the N-terminal domain (amino acids 1-179) was able to rescue the ability to transcribe mRNA, albeit with reduced activity. However, although the activity of nicked T7 RNAP in vitro has been described (18, 19) , its in vivo activity has not.
We first sought to demonstrate that split T7 RNAP can drive transcription in vivo and compare its activity to its full-length counterpart, as shown in Fig. 2 . To assess the activity of full-length T7 RNAP, we cotransformed the plasmids pTara:500 and pET28: GFP ( Fig. 2A) . The plasmid pTara:500 contains the T7 RNAP coding sequence downstream of the arabinose inducible promoter P BAD with the protein-coding sequence of T7 RNAP driven by a RBS with a putative strength of 500, according to the RBS calculator (28) . The plasmid pET28:GFP is the pET28b expression vector with GFP downstream of the T7-specific promoter P T7/LacO , which contains binding sites for the lactose repressor, LacI. We then assayed the expression of GFP as a function of arabinose inducer (Materials and Methods and Fig. S1 ).
As expected, when full-length T7 RNAP was used to drive gene expression, we saw exceedingly high levels of GFP fluorescence with increasing amounts of inducer, despite repression resulting from the transcriptional regulator LacI (Fig. 2B) . Interestingly, at high concentrations of arabinose, the GFP expression drops dramatically. At 10 mM arabinose and higher, we observed a consistent frameshift mutation that truncates the last 165 amino acids of the polymerase. In addition, at high amounts of arabinose, the OD of the culture drops precipitously, suggesting significant amounts of cell stress (Fig. 2C) .
We then tested the in vivo activity of split T7 RNAP. We modified the plasmid pTara:500 to create the plasmid pTSara (Fig. 2C ). On pTSara, the coding regions of amino acids 1-179 and 180-880 of T7 RNAP are downstream of separate, antiparallel copies of P BAD for symmetric, inducible, and independent expression of the N-and C-terminal fragments. To match the translational activity of the full-length system, and hence the N-terminal fragment, we designed a RBS site with a putative strength of 500 to drive translation of the C-terminal fragment of the split protein (28) . We then cotransformed the plasmids pTSara and pET28:GFP and assessed the expression of GFP as a function of arabinose as before.
Compared with the full-length system, the split system produced a dramatically different induction curve. The split system demonstrated lower and saturable GFP expression (Fig. 2E) . Unlike the full-length system, high concentrations of arabinose did not induce a drop in expression of GFP in the split system, and no frameshift mutations were ever found. Further, growth of cells containing the split system was comparable to the growth in the full-length system, indicating that cells were able to tolerate the split T7 RNAP fragments (Fig. 2F) . The stability at high inducer concentrations and saturable gene expression may be desirable features in synthetic gene networks. Dynamically, both full-length and split-protein systems exhibit similar characteristics on the introduction and removal of inducer from the media, as shown in Fig. S2 .
To determine whether both fragments of split T7 RNAP are necessary to drive gene transcription in our assays, we created plasmids containing just the N-terminal fragment, just the Cterminal fragment, or both. A P BAD promoter was used to drive expression in each of these fragments. The RBSs were also unchanged. We then cotransformed these plasmids with a reporter plasmid and assayed GFP expression with or without 10 mM arabinose (Fig. 3A) . GFP expression above background was found only in the case in which both halves of split T7 RNAP was present, as shown in Fig. 3B . This demonstrates that both halves of the split T7 RNAP are required.
In our comparison of full vs. split T7 RNAP, we did not use isopropyl β-D-1-thiogalactopyranoside (IPTG) to de-repress P T7/lacO on pET28:GFP. Although de-repressing P T7/LacO should deliver higher levels of GFP from our expression system, we found that de-repression made the expression system unstable. Specifically, when the full-length system was induced with IPTG, we consistently observed a frameshift mutation that truncated the last 165 amino acids of T7 RNAP, even in the absence of arabinose. This was not the case with the split system. As a result, for this comparison we did not use IPTG. Further, in subsequent assays of the activity of split T7 RNAP, we use an unregulated P T7 .
Characterizing the Promoter Specificity of Split T7 RNAP Mutants.
After characterizing the in vivo activity of split T7 RNAP, we sought to modify the promoter specificity of the split protein.
Earlier studies of the determinants of promoter specificity of T7 RNAP highlight the role of a specificity loop between amino acids 742 and 773 that makes specific nucleotide contacts in the T7 promoter (20) . Single-amino acid mutations to this specificity loop have been demonstrated to alter the specificity of T7 RNAP to versions of P T7 that have been mutated between base pairs −11 to −8 (22, 23, 25) . The bulk of these studies were done in vitro, and quantification of T7 RNAP activity was done by northern blotting, which, although providing a direct measure of transcriptional activity of a T7 expression system, does not give an accurate depiction of in vivo activity. A more recent study found that mutating the specificity loop according to multisequence alignment with distant T7 RNAP homologs significantly alters the specificity of full-length T7 in vivo (29) . Here, we propose that mutations of a single amino acid are sufficient for modifying the specificity of T7 RNAP to create orthogonal expression systems using split T7 RNAP.
We implemented point mutations Q758C, R756K, R756S, and N748D in the coding sequence of the C-terminal fragment of the split T7 RNAP (note that these mutations are annotated relative to the full-length protein). Each point mutation has been described to alter the specificity of full-length T7 RNAP to a modified T7 promoter (21) (22) (23) . We also modified our reporter plasmid by first deleting the LacI binding site downstream of P T7 in P T7/LacO . In addition, we mutated base pairs −11 to −8 of P T7 to GACG, GCAT, CACT, CCCT, and ACAT. Each modified T7 promoter that we tested was previously described to be recognized preferentially over WT P T7 by a T7 RNA polymerase with a modified specificity loop.
To characterize the specificity of mutant split T7 RNAP, we cotransformed each version of mutant split T7 RNAP with each version of our altered reporter plasmid. We then assayed the induction of GFP in each of the 30 pairwise combinations of mutant split T7 RNAP and altered T7 promoters either in the absence or presence of 10 mM arabinose. This amount of inducer was chosen because we found it to saturate GFP expression with split T7 RNAP (Fig. 2E) . We reasoned that by assaying expression of GFP with that much inducer, one would detect even weak functional interactions between mutant polymerase and mutant promoter.
Depending on which version of T7 promoter was used to drive expression of GFP, each mutant split T7 RNAP demonstrated a different ability to transcribe GFP, as shown in Fig. 4 . Although split T7 RNAP with a WT specificity loop is able to express GFP from all of the T7 promoters tested, split T7 RNAPs with a mutant specificity loop demonstrate much narrower preferences for particular T7 promoters (Fig. 4B) . It should be noted that WT pTSara working on its cognate promoter P T7:GACT on the plasmid pET:GACT:GFP is abnormally low because of increased levels of GFP expression with 0 mM arabinose (Fig. S3) . Of the mutant polymerase and promoters tested, we found the mutant polymerase and mutant promoter pairs [Q758C,GACG], [R756S, ACAT], and [N748D,CACT] to demonstrate orthogonal specificities. These parts could create orthogonal split T7 expression systems whereby a particular mutant split T7 RNAP will target a particular specific mutant promoter and no other. Further, if orthogonality is not required, or perhaps not desired, additional pairs of split T7 RNAPs and promoters could be used for more complicated expression systems.
We also sought to assess the toxicity associated with using mutant Split T7 RNAP in vivo. Similar studies of split protein fragment complementation have demonstrated that a large portion of split proteins may be insoluble and cause unwanted cellular stress (30) . To determine whether mutant split T7 RNAP is toxic on its own, we tested for a significant drop in OD when T7 RNAP protein is highly expressed in the absence of a reporter plasmid. We individually transformed the plasmid Full and all of the variants of Split into cells and assayed the OD with or without 10 mM arabinose, as shown in Fig. 5 . Little or no change in OD was observed despite the addition of gratuitous amounts of arabinose inducer. This suggests that the reduction in OD observed in our earlier experiments (Fig. 5B) is associated with the expression of GFP, rather than T7 RNAP protein. To assess the activity of full-length T7 RNAP, we cotransformed a plasmid containing an arabinose-inducible T7 RNAP with a plasmid containing GFP driven by P T7/lacO . (B) GFP fluorescence of the full-length system described in A normalized to OD 600 as a function of arabinose concentration after growing for 10 h. As expected, we saw high levels of GFP expression with increasing amounts of arabinose despite not adding IPTG to de-repress P T7/LacO . However, at high levels of arabinose, the expression of GFP drops dramatically because of a seven-base pair insertion into the T7 RNAP protein coding sequence that prematurely truncates the protein. (C) OD of the full-length system as a function of arabinose concentration. The drop in OD corresponds to the dramatic rise in GFP expression at the same concentrations of arabinose. (D) To characterize the activity of split T7 RNAP, we cotransformed a plasmid containing the two halves of the T7 RNAP (both driven by the arabinose-inducible promoter P BAD ) with the plasmid containing GFP described in (A). (E) GFP fluorescence of the split system described in D normalized to OD 600 as a function of arabinose concentration after growing for 10 h. Note that unlike the full-length system, no decrease in fluorescence is observed at high arabinose levels. (F) OD of the split system as a function of arabinose concentration.
T7 promoters, we next wanted to determine whether each of the split T7 RNAP mutants could be used as transcriptional AND gates.
To assess the activity of split T7 RNAP as a transcriptional AND gate, we created the plasmid pTSlb-WT, which contains the N-terminal fragment of split T7 RNAP downstream of the IPTGinducible P Lac promoter and the C-terminal fragment of split T7 RNAP downstream of the arabinose inducible P BAD promoter. We then cotransformed this plasmid with the reporter plasmid pET:GACT:GFP and assessed the expression of GFP as a function of the inducers IPTG and arabinose, as shown in Fig. 6B . In the case of WT split T7 RNAP acting on its cognate promoter on the plasmid pET:GACT:GFP, we see strong induction of GFP if and only if both inducers are present, while observing only basal levels of GFP fluorescence if and only if one inducer is present (Fig. 6B) . The GFP expression observed with just one inducer is most likely a result of leaky expression from the promoter driving the complimentary fragment, as no GFP expression is observed when either fragment is expressed alone (Fig. 3) .
We next tested the two-input function of mutant split T7 RNAP. To do this, we first mutated the specificity loop in the T7 RNAP coding sequence on pTSlb-wt to incorporate point mutations that we tested earlier (Fig. 4) . We then assessed the two-input function of each mutant split T7 RNAP when cotransformed with a version of the reporter plasmid pET:NNNN:GFP that contains the T7 promoter that demonstrated the highest activity with that particular mutant (Fig. 6C) . Similar to the WT case, the mutant split polymerases and mutant promoter pairs showed maximal GFP expression if and only if both inducers were present in high amounts. It is interesting to note, however, that different mutant split polymerase variants produced different levels of maximal GFP expression. This suggests another modality with which to modulate gene expression using mutant split T7 RNAP.
Conclusions
Two-input transcriptional logic is currently difficult to implement, as each two-input logic gate requires at least two transcriptional regulators. Given the limited amount of transcriptional regulators that are available to synthetic biologists, the implementation of multiple logic gates rapidly exhausts the existing component library. Furthermore, using two transcriptional regulators to regulate one promoter can involve the difficult task of promoter engineering, in which the design and implementation of a two-input promoter of a specific output is an inexact and resource-intensive process. The ability to support two-input combinatorial logic in a single functional protein complex will dramatically simplify the process of implementing transcriptional logic.
As a two-component transcriptional activator, split T7 RNAP has the potential to support two-input transcriptional logic through the regulated expression of the N-and C-terminal fragments. Split T7 RNAP lends itself, in particular, to AND transcriptional logic, in which output is observed if and only if both inputs as present, as the N-and C-terminal fragments are both required to form a functional transcriptional complex to drive gene expression. Although modifying the activity and specificity of full-length T7 RNAP has been recently demonstrated (29) , our work reveals that T7 RNAP can be split to create an in vivo transcriptional AND gate and that its specificity can be significantly modified by changing a single amino acid.
In this study, we described the creation of a library of transcriptional AND gates by splitting and mutating T7 RNA polymerase. We confirmed the activity of the split protein and found that, although its activity is not as high as for full-length T7 RNAP, the split expression system is stable and saturable. In one sense, these features may make split T7 RNAP more valuable than fulllength T7 RNAP for use in synthetic gene networks, as full-length T7 RNAP can often cause cellular stress that leads to mutations that affect the functionality of the overlying gene circuit.
We also tested the effects of specificity, altering point mutations of T7 RNAP in vivo by cotransforming an array of split T7 RNAP modified at the specificity loop with an array of modified P T7 and assaying for changes in gene expression. Of the mutant split polymerases and mutant P T7 we tested, we identified three A B To test the specificity of mutant split T7 RNAPs, the plasmid pTSara-Mut was transformed with the plasmid pET:NNNN:GFP, where Mut denotes a particular point mutation in the specificity loop and NNNN denotes the four nucleotides between −11 and −8 on P T7 . (B) For each pair of mutant split T7 RNAP and mutant P T7 , we assayed the expression of GFP with or without 10 mM arabinose. The fold GFP/OD, with or without 10 mM arabinose, after 10 h is plotted in the heat map. Split T7 RNAP with the wild-type specificity loop was able to express moderate to high levels of GFP from each mutant promoter that we tested. However, mutant split T7 RNAPs demonstrate various activities, depending on the promoter. The fold normalized fluorescence of WT pTSara with pET: GACT:GFP is substantially reduced in this case because of increased levels of GFP fluorescence observed with 0 mM arabinose (Fig. S3) . mutant polymerase promoter pairs that demonstrate orthogonal specificities. In effect, these mutant polymerase and mutant promoters create three orthogonal expression systems. We next tested the two-input function of split T7 RNAP, hypothesizing that the split protein would lend itself in particular to AND transcriptional logic. This was confirmed in our assays, as we observed maximal gene expression if and only if both fragments of split T7 RNAP were fully induced. This was also the case when we assayed the two-input function of mutant split T7 RNAP in which each mutant polymerase/promoter pair generated a different level of maximal GFP expression. As a two-component transcriptional activator, split T7 RNAP creates opportunities to create novel gene transcription networks. When combined with the all-or-nothing response expression systems driven by P Lac or P BAD , split T7 RNAP creates a unique opportunity to generate heterogenous populations of active genetic circuits (31, 32) . Split T7 RNAP might also be integrated with existing protein fragment complementation assays to create novel synthetic regulatory schemes or pathway screens (33) .
Overall, this study identified mutant split T7 RNAPs that can be used as transcriptional AND gates in synthetic gene circuits. Because this library of AND gates was derived from a single component, it increases the number of available parts with which to build synthetic gene circuits. This, in turn, will enable the construction of larger and more complex gene circuits.
Materials and Methods
Plasmid Construction and Strains. All cloning was done using standard cloning methods (34, 35) . The plasmid pTara was used as a template for all constructs in this article containing either full-length or split versions of T7 RNAP (36) . The RBS controlling translation of full-length T7 was modified to have a relative strength of 500, according to the RBS calculator (28) . To facilitate the independent and inducible expression of amino acids 1-179 and 180-880 of T7 RNAP, the N-and C-terminal fragments of T7 RNAP downstream from A B Fig. 5 . To assess the relative toxicity of mutant Split T7 RNAP, we assayed the reduction in steady-state OD when T7 protein was fully induced. (A) To assess the toxicity associated with expressing mutant split T7 RNAP, we transformed plasmids containing either full-length or mutant split T7 RNAP and then assayed the OD after 10 h with or without 10 mM arabinose. (B) Of the T7 RNAP tested, gratuitous arabinose inducer does not induce a significant reduction in OD despite being able to drive large amounts of GFP expression from a P T7 -regulated ORF. two separate copies of P BAD oriented antiparallel to each other to create the plasmid pTSara. The RBSs of the N-and C-terminal of split T7 RNAP were modified to have a relative strength of 500. The reporter plasmid pET28:GFP is the expression plasmid pET-28b with GFP inserted into the multicloning site of pET-28b. To create the reporter plasmids pET:NNNN:GFP, where NNNN designates base pairs −11 to −8 of P T7 , the plasmid pET28:GFP was modified. The lacI operator site in the promoter P T7/LacO on the plasmid was deleted to create the plasmid pET:GACT:GFP. Base pairs −11 to −8 of P T7 on pET:GACT:GFP were then modified to GACG, GCAT, CACT, CCCT, and ACAT to create the plasmids pET:GACG:GFP, pET:GCAT:GFP, pET:CACT:GFP, pET: CCCT:GFP, and pET:ACAT:GFP, respectively. More detailed maps of each plasmid used in this study are included in Fig. S5 and Table S1 .
The strain DH10B-ALT is the E. coli strain DH10B with P lacIq :lacI and constitutive ORFs driving expression of araC and tetR integrated into the attB site on the chromosome.
Assays of Fluorescence and Growth. For the assay of the in vivo activity of split T7 RNAP, either pTara:500 or pTSara was cotransformed with pET28:GFP into DH10B cells. These cells were then grown to stationary phase by inoculating a colony into selective LB media and incubating at 37°C while shaking at 200 rpm for 12 h. Stationary-phase cell culture was then inoculated into 5 mL selective LB media with or without inducer at 1% (vol/vol). Each sample was then aliquoted in triplicate into a 96-well plate (BD Falcon 35117). The plate was then incubated with the cover overnight at 37°C with 1 mm orbital shaking for 10 h as GFP fluorescence (ex:488, em:510) and OD 600 were assayed (Infinite M1000, Tecan). This induction scheme was used for all assays of GFP fluorescence and growth unless otherwise noted.
To assess the transcription activity associated with each fragment of split T7 RNAP, the plasmids pTSara-N and pTSara-C were cotransformed with pET:GACT: GFP into DH10B cells. Cells were then grown to stationary phase and assayed for growth and fluorescence with or without inducer, as previously described.
For the characterization of promoter specificity of split T7 RNAP mutants, each version of the plasmid pTSara-Mut was cotransformed with each version of the plasmid pET:NNNN:GFP for 30 pairwise combinations into DH10B cells. Each cotransformation was grown to stationary phase and then assayed for induction of GFP fluorescence as a function of arabinose, as described for the assay of the in vivo activity of split T7 RNAP.
For the characterization of the two-input transfer function of mutant split T7 RNAP, the following plasmid pairs were cotransformed into the strain DH10B-ALT: [pTSlb-WT pET:GACT:GFP], [pTSlb-Q758C, pET:GACG:GFP], [pTSlb-R756K, pET:GCAT:GFP], [pTSlb-R756S, pET:ACAT:GFP], and [pTSlb-N748D, pET:CCCT: GFP]. Each cotransformation was grown to stationary phase and then assayed for induction of GFP fluorescence as a function of arabinose and IPTG inducer in the manner described for the in vivo activity of split T7 RNAP.
